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The gram-positive microorganism Streptococcus pyogenes (group A streptococcus) is the causative agent of numerous infections of the skin and pharynx ranging from superficial diseases including erysipelas, impetigo, and pharyngitis to those characterized by extensive tissue destruction, such as necrotizing fasciitis. The initial stage of all streptococcal infections involves the attachment of the organism to epithelial cells of the nasopharynx or epidermis (49) , and considerable evidence suggests that the ability to sense an aerobic environment and survive plays an important role in this process (17, 47, 48) . A good example of this is streptococcal fibronectin-binding protein F, which is regulated in response to oxidative stress (16, 48) .
The mechanisms and gene products that allow S. pyogenes to survive in aerobic environments remain largely unknown. While S. pyogenes produces a single Mn-containing superoxide dismutase (SOD) that is essential for aerobic streptococcal growth (16) , it lacks many of the proteins known to be important for aerobic growth. Since the lactic acid bacteria (including those in the genera Streptococcus, Enterococcus, and Lactococcus) cannot synthesize heme (11) , S. pyogenes lacks the catalases and cytochrome oxidases required for oxidative energy-linked metabolism and instead depends on substrate level phosphorylation for growth. In addition, streptococci lack the moderate-to-high levels of intracellular glutathione found in gram-negative bacteria (12) . Without such mechanisms for handling oxidative stress, it seems that aerobic conditions should severely restrict streptococcal growth, yet O 2 seems to have a positive effect on the growth yields of some other lactic acid bacteria (25, 30) . This suggests the existence of other enzymes that are important for aerobic streptococcal growth.
Recently, other lactic acid bacteria have been found to contain unique flavoproteins involved in oxidative metabolism that are very different from the respiratory redox enzymes of cytochrome-containing bacteria like Escherichia coli (8, 20, 41, 42) . One such flavoprotein, NADH peroxidase (NPXase), has been characterized extensively in Enterococcus faecalis, where it uses H 2 O 2 as an electron acceptor, thereby providing an enzymatic defense against peroxide stress (41) . Another E. faecalis flavoprotein, NADH oxidase (NOXase), catalyzes the direct four-electron reduction of O 2 to water and serves as an electron acceptor during active aerobic metabolism in this organism (42) . These two flavoproteins have 44% amino acid identity to one another, with the most highly conserved segments containing the nonflavin redox center and the flavin adenine dinucleotide (FAD)-and NADH-binding regions. The nonflavin redox center in each of these enzymes is an unusual stabilized cysteine-sulfenic acid that cycles between oxidized and reduced states (33) .
A role for these two flavoproteins in facilitating the aerobic metabolism of lactic acid bacteria may require the regeneration of one NAD ϩ molecule by NPXase, and the regeneration of two molecules of NAD ϩ by NOXase would provide oxidized pyridine nucleotides for glycolysis. Furthermore, since NOXase directly reduces O 2 to H 2 O without the formation of harmful reactive O 2 intermediates, it may serve to protect group A streptococci against oxidative stress. To address the possibility that either of these two flavoproteins is involved in streptococcal aerobic metabolism, we first examined whether these flavoproteins are present in S. pyogenes. We identified only the H 2 O-forming NOXase and demonstrated through insertional inactivation of the gene encoding NOXase that this enzyme contributes significantly to aerobic metabolism under conditions of high O 2 stress.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains utilized in this study are listed in Table 1 . E. coli DH5␣ was the host for molecular cloning experiments, and HB101 was used in fibronectin-binding assays. E. coli strains were cultured in Luria-Bertani broth (45) , and S. pyogenes strains were grown in Todd-Hewitt medium (BBL) supplemented with 0.2% yeast extract (THY medium) or in C medium, a low-glucose-containing medium (1.5 versus 15 mg/liter for THY medium), as described elsewhere (31) . To produce solid media, Bacto Agar (Difco) was added to THY and C media at a final concentration of 1.4%. Streptococci were grown in liquid medium or on solid medium and cultured overnight at 37°C. As in previous studies (16) , streptococci were cultured under low-O 2 conditions in 10-ml broth cultures tightly sealed in 15-ml conical tubes or on agar plates incubated in an anaerobic gas chamber (GasPak; catalogue no. 70304; BBL). High-O 2 conditions were produced when strains were grown in 30-ml broth cultures with vigorous agitation (220 rpm) in 250-ml glass flasks or on agar plates incubated in ambient air. When appropriate, antibiotics were used at the following concentrations: kanamycin at 25 g ml Ϫ1 for E. coli and 500 g ml Ϫ1 for S. pyogenes, chloramphenicol at 20 g ml Ϫ1 for E. coli and 3 g ml Ϫ1 for S. pyogenes. Where indicated, medium was supplemented with various sugars at a final concentration of 1% (wt/vol), pyruvate at 25 mM, catalase at 1 mg/ml, bovine serum albumin at 1 mg/ml, or the intracellular superoxide-generating agent paraquat at 4 mM (Sigma).
DNA techniques. Plasmid DNA was isolated by standard techniques and transformed into E. coli by the method of Kushner (26) . S. pyogenes was transformed by electroporation as previously described (6) . Restriction endonucleases, ligases, and polymerases were used in accordance with the recommendations of the manufacturers. Chromosomal DNA was purified from S. pyogenes as described previously (6) .
Construction of integrational plasmids. A 1,302-bp internal fragment of the gene encoding NOXase (nox) was obtained by PCR amplification from the S. pyogenes JRS4 chromosomal DNA by using the primers 5 Nox (5Ј-GTYGTYGT YG GWGCWAAYCA YGCWGGWAC-3Ј) and 3 Nox (5Ј-RAWRTGWGGH ARRAARAARA WRTC-3Ј); R is A/G, W is A/T, and Y is C/T). The PCR product was inserted into a commercial vector (pCRII; Invitrogen) by using a TA tail method to generate pSpNOX. Digestion of pSpNOX with PstI removed 275 bp from the 3Ј end of the gene, and then the 1,027 bp PstI fragment containing the truncated nox allele was inserted into the PstI site of pCIV2 (38) , generating pNOX1. Introduction of pNOX1 into S. pyogenes targets integration of the plasmid into the nox chromosomal locus by homologous recombination, resulting in the insertional inactivation of nox and the generation of strains JNOX1 and HNOX1 from wild-type strains JRS4 and HSC12, respectively (see Fig. 2 ). The correct chromosomal structures of JNOX1 and HNOX1 were confirmed by PCR analyses using primers ••• of the appropriate sequences (data not shown).
The gene encoding the E. faecalis NADH peroxidase (npr; GenBank accession no. X62755) (41) was amplified from E. faecalis OG1X by PCR using primers NprF (5Ј-GTGGGGCGTC CCTATCAATC GTATCGGAGA-3Ј) and NprR (5Ј-GGTGTTTCCT ATCAACGTGT GGATGAACAA G-3Ј). The resulting 1,690-bp product was inserted into pCRII as described above, yielding pCMG13. An EcoRI fragment of pCMG13 containing the entire npr coding region was inserted into the EcoRI site of E. coli-streptococcal shuttle vector pLZ12-Km (18, 40) to generate pNPR1, which was then used to introduce a replicating plasmid encoding a functional copy of npr into a streptococcal host.
A 436-bp internal fragment of the gene encoding the gram-positive catabolite repressor protein CcpA was amplified by PCR from the S. pyogenes JRS4 chromosome using primers CcpF1 (5Ј-GGATCCCAAC CGTTAGTCGT-3Ј) and CcpR1 (5Ј-ATAGTCGACG TTGACGCT-3Ј). The PCR product was inserted into pCRII as described above, yielding pCMG14. A pCMG14 EcoRI fragment containing the ccpA internal region was inserted into the EcoRI site of pCIV2 to generate pCcp1, which was then introduced into the JRS4 chromosomal locus as described above for pNOX1, and the resulting transformant was designated JCCP1.
DNA sequencing. Sequences of various DNA regions were determined by using fluorescent-dye-labeled nucleotide terminators in accordance with the recommendations of the manufacturer (Big Dye, catalogue no. 4303500; PE Applied Biosystems). Analysis of the resulting sequences was conducted by using the Wisconsin package (Genetics Computer Group), and sequences were compared to the information available through the Oklahoma group A streptococcal genome sequencing project (http://www.genome.ou.edu/strep.html).
NOXase enzyme assays. S. pyogenes cell extracts were prepared by disruption of bacteria using glass beads (catalogue no. G-4649; Sigma) and agitation in a reciprocating shaking device (model 3110 BX; Biospec Products). NOXase activities were assayed at 25°C in a total volume of 3 ml using an assay buffer (50 mM potassium phosphate [pH 7.0], 0.5 mM EDTA) and conditions that have been previously described (1) . The amount of protein in each sample was determined by the method of Bradford (4), and NOXase specific activity is presented as micromoles of NADH oxidized per minute per milligram of protein.
Data presented represent the mean and standard deviation of samples analyzed in triplicate and are representative of at least five independent determinations. RNA techniques. Relevant S. pyogenes strains were cultured for 14 to 16 h at 37°C under low-O 2 conditions in liquid C medium and then diluted 1:100 in 300 ml of fresh medium and grown at 37°C under high-O 2 conditions for 2, 4, or 6 h in the presence or absence of added glucose. Streptococcal cells were harvested by centrifugation (2,500 ϫ g, 10 min, 4°C) and resuspended in 200 l of diethyl pyrocarbonate-treated distilled H 2 O. Total RNA was isolated by the method of Cheung et al. (7) by using a commercial reagent (FastRNA BLUE; Bio 101) and a high-speed reciprocating shaking device (FP-120; Savant Instruments). RNA samples were then treated with DNase I (GIBCO Bethesda Research Laboratories [BRL], Gaithersburg, Md.) in the presence of the RNase inhibitor RNaseOUT (BRL) in accordance with the manufacturer's instructions to eliminate chromosomal DNA, and the RNA concentrations were determined by measuring A 260 . To analyze the relative amounts of nox transcripts in comparison to a standard recA transcript, a semiquantitative reverse transcription (RT)-PCR method (35) and a commercial kit (Titan, Boehringer Mannheim) were utilized. Primers RT5Nox (5Ј-GTTGTTGTTG GTGCAAACCA TGC-3Ј) and RT3Nox (5Ј-GTCTTTGGCA CCAAGTGCTG CCA-3Ј) were used for RT-PCRs of nox, and primers 5RECA1 (5Ј-CGTCGAAAGC CCGGGATGAT-3Ј) and 3RECA1 (5Ј-GCGCATGCCC GGGATCGATA-3Ј) were used for recA.
Fibronectin-binding assays and SOD activity analysis. Protein F-dependent fibronectin binding was quantitated by using 125 I-labeled fibronectin as described elsewhere (17) . The activity of SOD in streptococcal cell lysates was determined by using a native gel assay as described previously (16) .
H 2 O 2 measurement. S. pyogenes was cultured in liquid C medium for 20 h at 37°C under low-O 2 conditions and then diluted 1:1,000 in fresh medium and grown at 37°C under high-O 2 conditions as indicated in Results. The A 600 was measured, and cells were removed by centrifugation. A 180-l aliquot of each supernatant was added to individual wells of a 96-well microtiter dish. Next, 20 l of a solution consisting of 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; catalogue no. A-1888; Sigma) at 3 mg/ml and horseradish peroxidase (catalogue no. P-8250; Sigma) at 0.2 mg/ml was prepared in 0.1 M sodium phosphate buffer (pH 7.0) and added to each well. The reaction was allowed to 
RESULTS

S. pyogenes contains a single nox homologue but lacks npr.
Several methods were used to examine S. pyogenes for the presence of genes that may encode NADH oxidase (nox) or NADH peroxidase (npr). For nox, the DNA sequences of several homologues from other species are available, including a well-characterized gene from E. faecalis (42) . Multiple alignment of these sequences revealed highly conserved regions that were then utilized to design primers for PCR (see Materials and Methods). PCR amplification from S. pyogenes JRS4 genomic DNA resulted in a single product, the sequence (GenBank accession no. AF101442) of which was identical to a single open reading frame identified in the S. pyogenes genome sequence database (http://www.genome.ou.edu/strep.html). This open reading frame is highly homologous to nox from E. faecalis (GenBank accession no. X68847) (42) . When the identified S. pyogenes open reading frame was compared against the entire GenBank database, it was found to be highly homologous to nox from other lactic acid bacteria and was most homologous to nox from S. pneumoniae (GenBank accession no. AF014458) (77% identical, 87% similar; (Fig. 1) . The S. pyogenes nox homologue contains all of the signature residues characteristic of nox from E. faecalis (42) , including the cysteine sulfenic acid redox center and the NADH-and FADbinding regions (Fig. 1) .
Upon examination of the chromosomal region surrounding the nox homologue, an open reading frame was found that was highly homologous to the lactate dehydrogenase (LDH)-encoding gene (ldh) from Lactococcus lactis (88% identical, 94% similar; Fig. 1 ). The two genes are 159 bp apart and are oriented so that they are convergently transcribed. Just downstream of the ldh stop codon, there is an inverted repeat of 8 bp that may represent a factor-independent terminator. In addition, sequences with high homology to sites that are bound by the gram-positive catabolite repressor protein CcpA (44), were found upstream of both the nox (86% identity) and ldh (100% identity) homologues. Further examination of the genome revealed that at an unlinked locus, an additional open reading frame with some homology to nox, lies downstream of an alkyl-hydroperoxide reductase C homologue, an arrangement of genes that has been reported in other organisms (37) . However, subsequent mutagenesis of this nox-like homologue did not support its identity as an H 2 O-forming NADH oxidase (J. A. Horenstein and M. G. Caparon, unpublished data).
For npr, examination of the S. pyogenes genome database failed to reveal any genes other than nox that had significant homology to npr from E. faecalis (GenBank accession no. X62755) (41) . The lack of an S. pyogenes npr homologue was supported by PCR analysis, which failed to yield a product from S. pyogenes genomic DNA using primers derived from E. faecalis npr. These data are consistent with a previous study that failed to detect NPXase activity in S. pyogenes based on biochemical criteria (A. Claiborne, unpublished data).
Construction of nox null mutant strains. To verify the identity of the nox homologue and to generate mutants for functional studies, the NOXase coding region was insertionally inactivated in two unrelated strains of S. pyogenes. This was accomplished by insertional mutagenesis in which a region internal to the nox coding sequence is used to target the integration of a plasmid that cannot replicate in streptococci into the chromosomal copy of the gene by homologous recombination (Fig. 2) . Disruption of nox in strains JRS4 and HSC12 generated JNOX1 and HNOX1, respectively.
Characterization of nox mutants. Cultures for all functional assays were conducted in the presence of kanamycin to maintain selection for the integrated plasmid. To ensure that any differences between the wild-type and mutant strains were due to the inactivation of nox and not due to kanamycin, nox mutant JNOX1 was compared to a derivative of the same wild-type strain (JRS4) that has a wild-type nox locus but contains an insertion of the kanamycin resistance determinant into an unrelated chromosomal locus (SAM1 [Table 1] ). For clarity, SAM1 will subsequently be referred to as the wild-type strain. In SAM1 cells, NOXase specific activity was readily detectable in cells from 16-h cultures grown under low-O 2 conditions (1.6 mol of NADH oxidized min Ϫ1 mg Ϫ1 ). This is approximately one-half of the level of NOXase observed in E. faecalis 10C1 grown under similar conditions (2.8 mol of NADH oxidized min Ϫ1 mg Ϫ1 ). In contrast, JNOX1 had virtually no detectable NOXase activity, even after an additional 6 to 7 h of growth (0.04 mol of NADH oxidized min Ϫ1 mg Ϫ1 ). Similar results were obtained with the mutant derived from the other wild-type strain (HNOX1; data not shown). Since NOXase consumes O 2 and produces H 2 O, these data are in agreement with direct assays of O 2 uptake showing that the mutant consumes very little O 2 compared to the wild type (0.02 versus 0.31 mol of O 2 min Ϫ1 mg Ϫ1 ). Mutants are defective for aerobic growth. Next, the capacity of the mutants to grow under conditions of high and low O 2 tension in two distinct types of media was evaluated. When bacteria were cultured on solid THY medium under low-O 2 conditions, the growth of nox mutant JNOX1 was indistinguishable from that of wild-type SAM1 (Fig. 3) . However, when cultured under high-O 2 conditions on agar plates, the nox mutant JNOX1 grew poorly and formed barely visible colonies (Fig. 3) . Similar results were obtained from growth on C agar plates and with the second nox mutant HNOX1 (data not shown). Since the JNOX1 and HNOX1 mutants exhibited similar phenotypes under all of the conditions tested, only the JNOX1 characterization will be reported in the remainder of this report.
In liquid medium, the JNOX1 mutant exhibited a complex medium-dependent growth defect in which the mutant grew in THY medium broth cultures but not in C medium broth cultures under high-O 2 conditions. This growth defect is referred to as the glucose effect in the remainder of this work. Taken together, these data indicate that the nox mutant has a pronounced growth defect on solid media under high O 2 tension and that in liquid media under both high and low O 2 tensions, the nox mutant has a growth defect the extent of which is influenced by the type of culture medium.
Glucose rescues the nox null mutant phenotype in C medium. Unlike THY medium, C medium is used to optimize expression of streptococcal genes that are subject to catabolite repression because it contains a minimal concentration of glucose (31) . When glucose was added to C medium broth cultures, growth of mutant JNOX1 under low-O 2 conditions resembled growth in liquid THY medium, and after a 1-h lag period the bacteria grew to a density equivalent to that of the wild-type strain (Fig. 4A) . Other hexose sugars, such as mannose, sucrose, and lactose, were also able to rescue the growth defect of the nox mutant in liquid C medium, as did the addition of pyruvate (data not shown). These data suggest that the concentration of glucose is responsible for the observed medium-dependent growth defects and that under carbohydraterich conditions, the NOXase requirement for growth is reduced. To further examine this hypothesis, levels of NOXase from wild-type SAM1 grown in the presence or absence of glucose were analyzed. Consistent with the hypothesis, the highest levels of NOXase were observed during growth in the absence of glucose. Levels of NOXase activity in the presence of glucose were only about 40% of those observed at the first time point analyzed (4 h; Fig. 4B ). Furthermore, while the levels of NOXase activity declined only about 30% during culture without added glucose, over the next several hours, the relatively lower NOXase activity observed during growth with added glucose decreased dramatically (Fig. 4B) and NOXase was virtually undetectable when analyzed several hours after the cessation of logarithmic growth (6 h; Fig. 4B ). As expected, significant levels of NOXase activity were not detected in the mutant under any growth condition (Fig. 4B) .
Analysis of nox transcript levels by semiquantitative RT-PCR (see Materials and Methods) during culture in C medium plus glucose revealed only a twofold decrease in the level of the message at a time point when NOXase activities were undetectable during culture with glucose (6 h; data not shown). This result suggested that the differences in NOXase levels were probably not the result of direct catabolite repression of the nox promoter. This hypothesis was further supported through the analysis of the JCCP1 mutant in which the gene encoding the major catabolite repressor protein of gram-positive bacteria (CcpA) (19, 27, 34, 44) was insertionally inactivated (see Materials and Methods). Expression of NOXase activity in the JCCP1 mutant strain in the presence or absence of glucose was identical to that of the wild type under all of the growth conditions tested (data not shown).
The nox mutants are sensitive to oxidative stress. To test if the reduced growth of the JNOX1 mutant under high O 2 tension is due to increased sensitivity to oxidative stress, the mutant was grown under low-O 2 conditions in liquid THY medium in the presence and absence of the oxidative stresspromoting agent paraquat. This comparison revealed that under these conditions, JNOX1 growth was only 23% of that of wild-type SAM1 in the presence of paraquat (data not shown). While this stress-promoting agent is traditionally used to generate O 2 Ϫ stress, the high levels of O 2 Ϫ can rapidly be dismutated to H 2 O 2 in the presence of functional SOD to produce high levels of intracellular H 2 O 2 . Examination of SOD activities demonstrated that the mutant was not deficient in the expression of this activity (data not shown), suggesting that FIG. 2. Construction of nox null mutants. Insertional inactivation of nox in two unrelated strains of S. pyogenes was accomplished by first amplifying a region internal to the nox coding region (noxtrunc) and then inserting the fragment into integrational vector pCIV2. The resulting element, pNOX1, contains a kanamycin resistance determinant (striped bar) and the noxtrunc region (empty bar) of JRS4. Recombination between homologous regions of pNOX1 and the S. pyogenes JRS4 and HSC12 chromosomes (indicated by the large X between the plasmid and chromosomal restriction maps) generated JNOX1 and HNOX1, respectively, which have a chromosomal structure that contains two truncated and inactive versions of nox (indicated by the zigzag line Ϫ stress that results in the activation of protein F expression under conditions in which it is not normally expressed (static culture in liquid THY medium) (16) . However, a similar analysis demonstrated that expression of protein F was not altered in nox mutants (data not shown). These data suggest that some reactive O 2 species other than O 2 Ϫ is the source of oxidative stress in the nox mutants.
Higher levels of H 2 O 2 accumulate in the nox null mutant than in the wild type. Other species of streptococci are known to produce H 2 O 2 when grown in media containing low concentrations of glucose (15) . To determine if the same is true of S. pyogenes and if H 2 O 2 is a source of oxidative stress in the nox mutants, the concentration of H 2 O 2 was measured in culture supernatants of the wild-type and mutant strains. Under low-O 2 conditions in liquid C medium, neither the wild-type strain nor the mutant strains accumulated any H 2 O 2 . However, when bacteria were grown under high-O 2 conditions in C medium broth (restrictive growth conditions for the nox mutant), this analysis revealed the accumulation of substantial concentrations of H 2 O 2 in both the wild-type and mutant strains (Table 2) . When normalized for cell growth, the mutant JNOX1 accumulated almost three times the level of H 2 O 2 as the wild-type strain under the same condition (liquid C medium with agitation) ( Table 2) . No accumulation of H 2 O 2 above background levels was detected when either the mutant or the wild-type cultures were supplemented with glucose.
Heterologous peroxidase can rescue the nox mutant growth defect. The data presented above suggested that H 2 O 2 accumulation is responsible for the growth deficiency of the nox mutants under conditions of increased O 2 tension. If this is true, the addition of a heterologous peroxidase or catalase should rescue the growth defect. To further explore this hypothesis, the gene encoding a heterologous NADH peroxidase (npr) from E. faecalis was inserted onto a streptococcal plasmid and the resulting construct (pNPR1 [see Materials and Methods]) was introduced into the nox mutant JNOX1. As expected, JNOX1 containing the vector alone accumulated high levels of H 2 O 2 in the culture supernatant [JNOX1(pLZ12-Km); Table 2 ] while JNOX1 containing the peroxidase did not accumulate detectable amounts of H 2 O 2 [JNOX1(pNPR1); Table 2 ], suggesting that the peroxidase is functional in an S. FIG. 3 . Characterization of the nox mutants on solid medium. Both wild-type SAM1 and the nox null mutant JNOX1 were grown under high (ambient atmosphere; see Materials and Methods)-and low-O 2 conditions on solid THY medium at 37°C. Wild-type SAM1 was grown for 14 h, and the nox mutant JNOX1 was grown for Ͼ20 h. pyogenes background. Analysis of the growth characteristics of the resulting strains revealed that JNOX1 containing the vector alone is unable to grow under high-O 2 conditions in liquid C medium or on solid C medium (Table 2 ). In contrast, the JNOX1 mutant containing the peroxidase is able to grow under high O 2 tension in C medium broth, although neither it nor wild-type SAM1 containing the peroxidase is able to grow under high-O 2 conditions on agar plates (data not shown). These data were supported by additional studies in which catalase was added to the nox mutant culture medium (data not shown). In the presence of catalase, JNOX1 no longer exhib- It is hypothesized that just as a high NADH/NAD ϩ ratio is harmful to the JNOX1 mutant, a low ratio could also be detrimental to cell growth. If this is true, it may explain why the introduction of NADH peroxidase into the JNOX1 mutant on a multicopy plasmid is not sufficient to allow growth of the mutant on solid media under high-O 2 conditions. This hypothesis is further supported by the observation that wild-type SAM1, which normally grows on solid media under high-O 2 conditions, is unable to do so when supplemented with the peroxidase. The peroxidase reduces H 2 O 2 and generates one molecule of NAD ϩ ; however, since the peroxidase-encoding gene is present on a multicopy plasmid, its overexpression would produce a low NADH/NAD ϩ ratio, which could affect cellular metabolism and growth. Therefore, a balanced NADH/ NAD ϩ ratio is probably crucial for proper streptococcal cellu- lar metabolism; any gross alteration of the ratio likely effects the ability of the bacteria to grow under high-O 2 conditions. In the presence of glucose, NOXase specific activity was decreased, indicating that in this environment some other enzyme can compensate for the loss of NOXase function. One candidate is LDH, which catalyzes the conversion of pyruvate to lactic acid and regenerates one molecule of NAD ϩ in the process. LDH is allosterically activated by the glycolytic intermediate fructose-1,6-diphosphate (9); therefore, in the presence of excess glucose, LDH is activated. Since LDH regenerates one NAD ϩ molecule and NOXase regenerates two NAD ϩ molecules, activation of one or both enzymes will ultimately affect cellular metabolism through an increase or a decrease in the NADH/NAD ϩ ratio (14) . Support of this comes from the observation that overexpression of NOXase in L. lactis results in a low NADH/NAD ϩ ratio, which in turn diverts pyruvate to other pathways instead of its conversion to lactic acid by LDH (29) . As reported here, an ldh homologue lies just downstream of nox in S. pyogenes. The significance of this observation is unknown; however, it is not unusual for genes encoding enzymes with interdependent activities to lie in close proximity to one another in a genome (28) .
The hypothesis that under certain environmental conditions the expression of some other enzyme allows growth of the JNOX1 mutant under otherwise inhibitory conditions is further supported by the observation that upon repeated culture of JNOX1 under high-O 2 conditions on agar plates, a largecolony variant arose. In contrast to the wild type or the JNOX1 mutant, this variant does not accumulate any H 2 O 2 , suggesting that it has acquired a compensating mutation in a locus which simultaneously allows aerobic growth and eliminates the accumulation of H 2 O 2 . These data imply the existence of a separate oxidative protective response that may or may not involve specific defenses against H 2 O 2 and other O 2 intermediates.
The source of the H 2 O 2 that accumulates under conditions of high O 2 and carbohydrate limitation is unknown, but this H 2 O 2 accumulation is most likely due to many different factors, such as an inability to destroy H 2 O 2 , the presence of H 2 O 2 -producing enzymes, or both. Other lactic acid bacteria have been reported to accumulate H 2 O 2 in the culture medium (15, 32) . This accumulation has been attributed to various H 2 O 2 -producing enzymes, including pyruvate oxidase (25, 43) , H 2 O 2 -producing NADH oxidase (2, 21, 22) , lactate oxidase (50) , and ␣-glycerophosphate oxidase (39) . Previous studies did not detect a pyruvate oxidase activity in S. pyogenes (50) , and examination of the streptococcal genome did not reveal a pyruvate oxidase homologue. However, consistent with previous reports (50) , open reading frames with significant homology to the Streptococcus iniae lactate oxidase (GenBank accession no. Y07622; 84% identical, 93% similar), the Enterococcus casseliflavus ␣-glycerophosphate oxidase (GenBank accession no. U57498; 66% identical, 78% similar), and an H 2 O 2 -producing NADH oxidase (see above) were discovered upon examination of the S. pyogenes genome database. The E. casseliflavus ␣-glycerophosphate oxidase is regulated by catabolite repression and is aerobically active (39) . In some organisms NAD-independent LDHs have been shown to be aerobically active, subject to catabolite repression, and sensitive to the NADH/NAD ϩ ratio (10). Lactate oxidase is an H 2 O 2 -producing enzyme, and if it is regulated like the NAD-independent LDHs and is subject to catabolite repression, this could explain why the addition of glucose to carbohydrate-limited medium eliminates H 2 O 2 accumulation. However, this could also be due to increased intracellular levels of pyruvate, which is a known scavenger of H 2 O 2 (20) . This hypothesis is supported by the observation that upon addition of pyruvate to the JNOX1 mutant cultured in carbohydrate-limited liquid medium, the mutant grew to wild-type densities.
The studies presented here demonstrate that NOXase function is necessary for S. pyogenes aerobic metabolism, as well as growth under conditions of intermediate O 2 tension and carbohydrate limitation. This is the first report of a targeted mutation in the gene encoding NOXase and demonstrates a dual metabolic and protective function for this enzyme in S. pyogenes. The continued characterization of gene products required for aerobic survival should provide a better understanding of streptococcal pathogenesis at the earliest stages of infection.
